Abstract The formation of hypoxic water zones in marine ecosystems across the world is a growing concern among marine scientists and regulatory agencies that focus on marine resource management. Nutrient-rich water with excessive nitrogen content is widely recognized as a key anthropogenic cause for the development of hypoxic zones. While the dissolved oxygen level indicates the presence of current hypoxic water conditions, the aquatic nitrogen concentration indicates the possibility of formation of hypoxic zones in future time periods. Hence, understanding the effects of both these variables on current and future fish population is important for improved water quality management and sustainability of marine resources. In this paper, we estimate the temporal effects of these two key variables on lobster harvest from three contiguous fishing zones in the Long Island Sound that vary in ambient water quality. We find there is no contemporaneous effect of these variables on harvest in both the hypoxic fishing zone and the two non-hypoxic zones. While there is some evidence of lagged effects of these variables on harvest, no systematic pattern emerges in these effects that distinguishes the hypoxic fishing zone with nonhypoxic zones.
Introduction
Oceans and marine waterways are a primary source for food supply to a rising global population, which makes the periodic assessment of water quality on marine resources imperative for all countries. However, isolating the effect of any ecological stress on different types of fish stocks has proven to be highly complicated for a variety of reasons. For example, low oxygen concentrations has been affecting a wide range of aquatic systems around the world spanning from large water zones in the middle of oceans to small lakes (Breitburg 2002) . Hypoxia or low oxygen concentrations can develop in different parts of water systems because of a number of interrelated factors such as complex hydrological features, shapes and dimensions of water basins, nutrient supplies and food web dynamics (Breitburg et al. 2009) . Given that there is considerable variation among fish species based on physiological, behavioral, and spatial characteristics, the effect of low concentrations of oxygen can vary significantly among species. For example, fast moving species may respond differently to low oxygen water zones than slow moving species. Different species exhibit different adaptive capabilities while responding to adverse environments.
Hypoxia is a seasonal phenomenon. While it often occurs naturally in many marine environments around the world, human activities also contribute to the occurrence of hypoxia in aquatic systems. The primary anthropogenic cause that leads to hypoxic zone formation in water bodies is the disposal of waste materials that contain a high level of nutrients. Nitrogen helps in protein synthesis in organisms. Along with phosphorous, it is a key element that supports aquatic plant growth. However, excess nitrogen discharge in water, particularly from fertilizer use and fossil fuel emission, often leads to rapid growth of phytoplankton such as algae. The proliferation of certain types of algae leads to depletion of the oxygen dissolved in water thereby creating a shortage of oxygen supply for other organisms that share the habitat. Also, during certain times of the year, difference in water temperature and density in surface and bottom level water leads to stratification in the water column, which prevents oxygen from steadily flowing from the surface to the bottom. Low concentrations of dissolved oxygen can have both direct and indirect effects on the marine population. A direct effect of hypoxia on marine organisms is that hypoxic water zones limit the quality and quantity of habitat available to these organisms. An indirect effect of hypoxia on any species can manifest itself through the food chain by limiting availability of food sources.
Given the interdisciplinary nature of the phenomenon, marine hypoxia has generated a widespread interest among scientists in different disciplines (for example, see Eby and Crowder 2002; Breitburg 2002; Borsuk et al. 2004; Taylor and Eggleston 2000) . Scientific studies have found evidence that hypoxia can affect different fish species in various ways such growth and mortality (for example, Peterson et al. 2000; Miller et al. 2002; Stierhoff et al. 2009; Thomas et al. 2007) . While the biological effects of hypoxia on marine species are relatively well studied, the body of work that focuses on the economic consequences of hypoxia is still quite limited.
The economics literature on hypoxia has developed along two strands. One line of the literature focuses on the policy issues related to the management of nutrient discharges. For example, see Ribaudo et al. (2005) , Wu and Tanaka (2005) and Smith and Crowder (2005) . Another thread of literature that has been developing over the past 20 years has attempted to analyze the effect of hypoxic water zones on fish landings. The effects of dissolved oxygen levels on fish stock have direct implication for commercial fisheries that depend on these resources for their viability. These concerns gave rise to a literature that focuses on the various impacts of hypoxia on different commercial fisheries. Focusing on the Gulf of Mexico shrimp fishery, early works by Zimmerman et al. (1996) and Diaz and Solow (1999) showed little causal effect of hypoxic water conditions on brown shrimp harvest. More recently, Huang and Smith (2011) found that hypoxic water conditions altered the qualitative pattern of optimal harvest for brown shrimp in the Gulf of Mexico and failure to adapt to hypoxic conditions generated losses for shrimpers. In Huang et al. (2012) , the authors provided evidence that showed hypoxic water conditions led to a 12.87 % reduction in brown shrimp harvest in the Neuse River between 1999 and 2005. Studies based on the USA have mostly focused on nutrient discharges in the Mississippi watershed or the coastal hypoxia issue in the Gulf of Mexico region.
Finding concrete evidence that illustrates the nature of effects of hypoxia on population of different species has been challenging given the interplay of various factors that affect fish stock. Since the size of stock is generally unknown and that harvest and stock are correlated, estimating the impact on harvest provides one way to develop our understanding of the effect of hypoxia on fish populations. One key issue that needs to be considered while analyzing the impact of hypoxia on harvest is the temporal impact of the environmental variables of interest on harvest. The standard measure of hypoxia has been the level of dissolved oxygen in water. Typically, hypoxic water conditions set in when the dissolved oxygen level falls below 4 mg/l and severe hypoxic conditions exist when the dissolved oxygen level is below 2 mg/l. However, focusing solely on the effect of current oxygen level on harvest might not capture the complete temporal effect of hypoxic water conditions on harvest (and, hence, fish stock). This is because nitrogen content in the water body can affect fish stock in more than one way. On one hand, current and past nitrogen levels in water can affect the proliferation of algae, which in turn can affect the dissolved oxygen level through eutrophication. This can potentially reduce fish stock through adverse impact on fish growth and mortality. On the other hand, nitrogen enrichment can affect positively the growth rate of other marine species in the same coastal environment (Nixon and Buckley 2002) . It can also indirectly affect the fish population of the future by affecting the dissolved oxygen concentration through eutrophication. Hence, both the oxygen and nitrogen levels can affect fish stock and harvest. The effects of nitrogen and oxygen on harvest will depend on a wide range of factors such as adaptive capacity of species to environmental conditions, time lags, and volume of upstream activities such as nutrient discharges that affect the nitrogen level in different areas of the water body.
In contrast to previous economic studies that have investigated the effect of hypoxia on fish landings from the Gulf of Mexico, we chose Long Island Sound (LIS) as an area of study for three reasons. First, the impact of hypoxic water conditions on fish harvest in LIS is comparatively less studied than that in the Gulf of Mexico. Second, the LIS ecosystem is of immense value to the quality of life and economy of northeastern USA. Third, the sound has exhibited symptoms of seasonal hypoxia since the 1970s (Parker and O'Reilly 1991) . In particular, every year hypoxic water zones develop in the western of the sound during the summer months. The sound's water quality is a key determinant of its fish population, which is the primary resource base for the Connecticut-and New York-based fishing industries that operate there. We focus on lobster as it is one of the most commercially valuable species harvested in the sound and it is known to be sensitive to hypoxic water conditions.
We contribute to the literature by analyzing the lagged effects of key environmental variables that influence hypoxic water conditions-dissolved oxygen and nitrogen-on harvest from different fishing zones, only one of which experiences hypoxic conditions. We compare the lagged effects of environmental variables on harvest across zones to identify if there is any distinguishable difference in those effects in the hypoxic (west) and non-hypoxic (central and east) fishing zones. Our primary results indicate that there exist lagged effects of hypoxia-related environmental variables on lobster, which provides some evidence that estimating the effect of contemporaneous dissolved oxygen on harvest may not shed light on the complete effect of hypoxia on harvest. The paper is organized as follows. In the following section, we describe the data we use for the analysis. Section 3 presents the empirical model. In Sect. 4, we present the results and discuss their implications. Finally, we provide some concluding remarks in Sect. 5.
Data
We constructed a dataset with monthly observations of lobster harvest for each of the three fishing zones-western LIS, central LIS and eastern LIS. The time period covered is 1995-2011. The data on lobster harvest, price and environmental variables for this study were provided by Connecticut Department of Energy and Environmental Protection. The monthly average price data for No. 2 diesel fuel for the US east coast, series WPU057303, are from the Energy Information Administration. The environmental data have been collected at various stations in the sound where monitoring stations are located. Figure 1 shows the various locations where the data are collected. 1 Stations 9, 15, A4, B3, C1, C2, D3, E1, F2 and F3 comprise western LIS, and stations H2, H4, H6, I2, J2 and J4 are part of central LIS. Eastern LIS has only two stations-K2 and M3. We used the average values for each fishing zone. Data for the environmental variables are typically collected once every month. Sometimes during the summer months, data were collected twice with a gap of 15 days in the same month. For those months, the average of the two observations was used. 
Empirical model
Following economic theory, a fishing firm's supply can be expressed as a function of price of harvest, prices of inputs, environmental factors that affect water quality, and any unobserved factor that can be a source of randomness in the harvest level. Thus, we can represent a general harvest supply function for each fishing zone as
where harvest (h t ) in time t is a function of the price of the species (p t ), input price (d t ), vector of observable environmental variables (X t ) and the unobserved factors (e t ). Given the above specification, we present our complete econometric model with all the lags as the following set of equations:
West zone
Central zone It takes the value of 1 for any month when the value of dissolved oxygen is below 4 mg/l and 0 otherwise. The variable dieoff dummy t is a dummy variable we include to control for the major lobster die-off that took place in the summer and fall of 1999 in western LIS (Balcom and Howell 2006) . All variables were found to be stationary except the diesel price variable, which is included in the model in first-difference form. We first estimated the model with the complete set of lags to obtain the ordinary least squares (OLS) estimates. For dissolved oxygen and nitrogen variables, we included a lag variable for each of the 12 months prior. For the temperature, salinity and price variables, we started with 6-month lags for each variable. Based on the OLS results, we dropped the lags that were insignificant and tested the model to identify any presence of heteroscedasticity and serial correlation in the error terms. The result from the Breusch-Pagan test showed the presence of heteroscedasticity in the model while the results of the Breusch-Godfrey test indicate the presence of serial correlation. We chose the Breusch-Godfrey test over the classical Durbin-Watson test for serial correlation because the Durbin-Watson test allows us to test the presence of only first-order autocorrelation. In contrast, the Breusch-Godfrey test is more general and allows researchers to test the correlation between the error term at time t and t -k where k is the number of lags chosen by the researcher. We chose k = 12. The presence of serial correlation makes the OLS estimates inefficient. Hence, we use the Newey-West standard errors, which accounts for the error term to be heteroskedastic and serially correlated. Table 1 provides the summary statistics for the harvest and environmental variables from the three zones.
Results and discussion
The results are presented in Tables 2, 3 and 4 in ''Appendix.'' Past harvest levels are found to affect current harvest level, indicating that there is some persistence in the harvest data. In fact, for both hypoxic and non-hypoxic water zones, there is a statistically significant effect of 12 months prior harvest level on current landings amount. This captures some of the seasonal effect on harvest. However, no systematic pattern emerges that explicitly shows a general relationship between past and current period harvest levels for all three fishing zones. For all three zones, the coefficients for the contemporaneous effect of dissolved oxygen are found to be statistically insignificant. The same is true for the hypoxia dummy variable. This is expected because it is likely that hypoxic conditions may not have an immediate effect on catch levels. For the lagged effects of dissolved oxygen on lobster landings, we obtained statistically significant coefficients for 1-and 4-month lag for the west zone, 12-month lag for the central zone, and third-month lag for the east. These results indicate the presence of lagged effects of oxygen on lobster harvest for all three zones, but the lagged effects differ for all three zones, which poses difficulty for drawing conclusion on the exact nature of these effects across fishing zones. In fact, for the west zone, we find a positive 3-month lagged effect and a negative 4-month lagged effect. This suggests that these effects may be confounded with some unobserved heterogeneity among zones or time that the model fails to capture. Surprisingly, the coefficients for the temperature variable turn out to be statistically insignificant for all three fishing zones.
Conclusion
In this paper, we estimated the contemporaneous and lagged effects of a range of environmental and economic variables on lobster harvest by Connecticut fishermen in the three contiguous fishing zones of the Long Island Sound fishery. We focus particularly on two key variables-dissolved oxygen and nitrogen-that are known to influence the formation of hypoxic water zones in any waterbody. We selected Long Island Sound for our study because only the western part of the sound experiences hypoxic water conditions every year. This allowed us to analyze the effects of environmental and economic variables on lobster supply from contiguous fishing zones, only one of which experiences hypoxic water conditions every year. Our key findings indicate that there is some presence of lagged effects of oxygen and nitrogen on lobster landings. We did not find any evidence of contemporaneous effect of nitrogen on harvest in the west and central zone, but a positive contemporaneous effect was found for the east zone. Also, when comparing the effects on these variables on harvest from the hypoxic and non-hypoxic zones, no consistent pattern is observed in these lagged effects across the zones. While our results are specific to the Long Island Sound system, they results have some broad implications for research on the effect of hypoxia on marine organisms. Studies such as Diaz and Solow (1999) and Huang et al. (2012) have investigated the effect of hypoxia on harvest using dissolved oxygen level as the standard measure of hypoxia. Our results emphasize the need to consider the impact of nitrogen concentration on fish population and to further our understanding of the linkages between the dissolved nitrogen and oxygen levels in a marine system. These results would be particularly useful in the context of ecosystem-based management, which recognizes the interrelatedness of environmental quality and resource management.
Our results have at least a couple of policy implications particularly for fisheries management. First, the results emphasize the urgent need for accurate and detailed longitudinal data on economic and environmental variables that affect fisheries output for all ecosystems plagued by environmental issues such as hypoxia. Usually harvest data are reported in pounds/time unit. However, to capture the complete effects of hypoxia-related environmental variables, researchers need access to more detailed data on landings that would allow them to study the changes in the quantity and quality of harvest over time. For example, daily data on landings, concentrations of environmental variables at various locations (instead of zone specific aggregate estimates), and other relevant variables of interest (e.g., price) would allow researchers to study the impact of oxygen and nitrogen concentration on daily harvest levels, while controlling for within season day-to-day market effects. Focusing on monthly data (which were available to us) compromises our ability to study the temporal effects especially when such effects take place within shorter time frame. For example, we were not able to capture the lagged effects that may have affected harvest within the same month. Regulatory agencies that manage fisheries are in some way best equipped to gather more detailed and make them available to researchers from different fields. Second, the results indicate that there exist some lagged effects of the hypoxiarelated variables on harvest. This information can be used by policymakers to forecast changes in fish stock over time and analyze any significant changes that affect the hypoxic and non-hypoxic fishing zones in the future. This is particularly relevant for analyzing the effect of state-led initiatives such as the Connecticut Nitrogen Credit Trading program, which aimed to reduce nitrogen-containing discharges into the sound over 2001-2014 time frame. 
